Astrocytes exhibit spatially-restricted near membrane microdomain Ca 2+ transients in their fine processes. How these transients are generated, and how they regulate brain transients, and in turn CNS gas exchange.
Introduction
Astrocytes exhibit two major types of Ca 2+ signaling events, whole cell fluctuations and near membrane microdomain Ca 2+ transients (Khakh and McCarthy, 2015) . Whole-cell transients are coordinated across astrocyte networks and regulated by adrenergic receptor signaling (Ding et al., 2013; Ma et al., 2016; Paukert et al., 2014) . Emerging data suggests these transients are important for state-dependent changes (Ding et al., 2013; Ma et al., 2016; Paukert et al., 2014; Srinivasan et al., 2015) , and involve TRPA1 channels that regulate the insertion of neurotransmitter transporters like GAT-3 into the membrane to alter neurophysiology (Shigetomi et al., 2012) . Whole-cell astrocyte Ca 2+ transients in the Drosophila larval nervous system are also stimulated by the invertebrate equivalents of adrenergic transmitters, octopamine and tyramine.
Octopamine and tyramine stimulate cell-wide astrocyte Ca 2+ increase through the dualspecificity Octopamine-Tyramine Receptor (Oct-TyrR) and the TRP channel Water witch (Wtrw). This astrocyte-mediated signaling event downstream of octopamine and tyramine is critical for neuromodulation: astrocyte-specific elimination of Oct-TyrR or Wtrw blocks the ability of octopamine and tyramine to silence downstream dopaminergic neurons, and alters both simple chemosensory behavior and a touchinduced startle response (Ma et al., 2016) . Adrenergic regulation of whole-cell astrocyte Ca 2+ transients therefore appears to be an ancient and broadly conserved feature of astrocytes.
The mechanisms that generate astrocyte microdomain Ca 2+ transients are not understood, nor are the precise in vivo roles for this type of astrocyte signaling event (Bazargani and Attwell, 2016; Khakh and McCarthy, 2015) . In mammals, astrocyte microdomain Ca 2+ transients occur spontaneously, do not require neuronal activity (Nett et al., 2002) , depend on extracellular Ca 2+ (Rungta et al., 2016; Srinivasan et al., 2015) , and persist in cultured astrocytes, which has been used to argue they are cellautonomous (Khakh and McCarthy, 2015; Nett et al., 2002) . A careful analysis of IP 3 R2 knockout mice revealed that while whole-cell astrocyte Ca 2+ transients are altered in IP 3 R2 nulls, astrocyte microdomain Ca 2+ transients were largely normal, indicating that these astrocyte Ca 2+ signaling events are genetically separable (Srinivasan et al., 2015) .
A recent study described a close association of astrocyte microdomain Ca 2+ transients with mitochondria, their suppression by pharmacological blockade of opening of the mitochondrial permeability transition pore (mPTP), and an enhancement of these transients by reactive oxygen species (ROS). These observations led to the proposal that astrocyte microdomain Ca 2+ transients were generated by transient opening of the mPTP during oxidative phosphorylation, perhaps as a means to balance mitochondrial function with local metabolic needs (Agarwal et al., 2017) .
In this study we report that Drosophila astrocytes exhibit spontaneous, activityindependent microdomain Ca 2+ transients. We show they are enhanced by tyramine through the TyrRII tyramine receptor and mediated by the TRP channel TrpML.
Astrocyte microdomain Ca 2+ transients are associated with filopodia extending from CNS trachea, an interconnected set of tubules that allow for gas exchange, with Ca 2+ transients being activated by ROS and facilitating filopodial retraction. Surprisingly, the transcription factor Sima/Hif-1α, which modulates tracheal growth under hypoxic conditions, is also required for astrocyte microdomain Ca 2+ transients. This observation provides a mechanistic link between astrocyte Ca 2+ signaling and key hypoxia signaling factors. We propose that local hyperoxia results in increased production of ROS, which in turn gates TrpML activity and facilitates tracheal retraction, thereby dynamically regulating the balance of gas exchange in the Drosophila nervous system.
Results

Drosophila astrocytes exhibit microdomain Ca 2+ transients
To monitor the near membrane Ca 2+ activity in astrocytes, we expressed myristoylated GCaMP5a (myr-GCaMP5a) in astrocytes using the astrocyte-specific alrm-Gal4 driver (Doherty et al., 2009 ). We acutely dissected 3 rd instar larval CNS and live-imaged myrGCaMP5a signals in the ventral nerve cord (VNC) (Ma et al., 2016) . We collected images at the midpoint of the neuropil along the dorsoventral axis for 6 minute time windows ( Fig 1A) . We found that astrocytes exhibited microdomain Ca 2+ transients that exhibited diverse waveforms, with variable durations and frequencies ( Fig 1A) . The average full width at half maximum (FWHM) for these Ca 2+ transients was 5.5±2.26 (mean±SD) seconds (Fig 1B) . Microdomain Ca 2+ transients frequently occurred at the same focus, suggesting there are hotspots where microdomains repeatedly occur for a given astrocyte. The majority of foci exhibited 1-3 events during the 6 minute imaging window (Fig 1C) , and Ca 2+ transients at different sites did not exhibit obvious synchrony.
We also found these microdomain Ca 2+ transients with similar dynamics, although with a slightly shorter duration (FWHM, 1.7±0.08s, mean±SD) in the astrocytes of intact L1
(or 1 st instar) larvae (Fig S1A and S1B transients.
Astrocytes tile with one another and occupy unique spatial domains in the CNS.
We sought to determine whether microdomain Ca 2+ transients spanned astrocyteastrocyte cell boundaries, or if they appeared only within the domain of single cells. We used a flippable construct expressing either QF or Gal4 under the control of the alrm promoter (Stork et al., 2014) , along with two genetically encoded Ca 2+ indicators:
QUAS::myr-GCaMP5a and UAS::myr-R-GECO1 (Fig S1C) . To confirm both myrGCaMP5a and myr-R-GECO1 behaved similarily, we first examined double-positive (yellow) cells and found both can detect the same microdomain Ca 2+ transients ( Fig   S1D) , and in cells exclusively expressing one of these two Ca 2+ indicators there were no differences in the overall frequency of the microdomain Ca 2+ events detected (Fig 1E) .
We then identified cell boundaries between myr-GCaMP5a/myr-R-GECO1-labeled cells, and examined the dynamics of astrocyte microdomains across those boundaries. We observed coincident signaling with myr-GCaMP5a and myr-R-GECO1 (Fig 1E) GABA, or octopamine had no effect on the frequency of astrocyte microdomain Ca 2+ transients (Fig 2A) . In contrast, application of tyramine led to a significant increase in the frequency of these transients by ~40% (Fig 2A) . We screened the known receptors for tyramine in Drosophila and found that astrocyte-specific depletion of TyrRII blocked the ability of tyramine to stimulate astrocyte microdomain Ca 2+ transients (Fig 2A) . The spontaneous microdomain events were not dependent on the presence of tyramine or octopamine, as mutants that block the production of tyramine and octopamine (Tdc2 ) did not significantly alter the frequency of astrocyte microdomain Ca 2+ transients, nor did mutations in Oct-TyrR, which we previously showed was essential for activation of whole-cell Ca 2+ transients in astrocytes (Fig 2B) .
Whole-cell astrocyte transients are regulated by the TRP channel Water witch (Wtrw) (Ma et al., 2016) , and astrocyte basal Ca 2+ levels in mammals modulated by TrpA1 (Shigetomi et al., 2013) . We speculated that astrocyte microdomain Ca 2+ transients might be regulated by one or more of the other 13 TRP channels encoded in the Drosophila genome. We screened these for potential roles in the regulation of astrocyte microdomain Ca 2+ transients by observing Ca 2+ transients in mutant or astrocyte specific RNAi animals. While 11 of these had no effect, we found that microdomain Ca 2+ events decrease by ~70% to 80% in trpml loss of function mutants, in both intact 1 st instar larvae ( Fig S1E) and acute CNS preparations from 3 rd instar larvae ( Fig 2C) . Astrocyte specific knockdown of trpml also reduced microdomain Ca 2+ events by ~60% (Fig 2C) (Fig 2D) .
Previous work has shown that reactive oxygen species (ROS) can activate TrpML (Zhang et al., 2016) , and astrocyte near membrane Ca 2+ events are sensitive to ROS in mammals (Agarwal et al., 2017) . We therefore assayed the sensitivity of are open to the environment, and allow for gas exchange. The inner lining of tracheal tubes are covered by a porous cuticle, which is secreted by the surrounding tracheal cells, and gas exchange is thought to occur through tracheal cell-tissue interactions (Ghabrial et al., 2003) . Mammalian astrocytes make intimate contacts with blood vessels by forming endfeet to allow for gas exchange, uptake of nutrients from blood, and maintenance of the blood brain barrier. Tracheal cells share many molecular features during development, morphogenesis and gas exchange with mammalian blood vessels (Ghabrial et al., 2003) . The fine processes of Drosophila astrocytes are closely associated with the tracheal system (Freeman, 2015) . Interestingly, we observed that ~50% of loci where astrocyte microdomain Ca 2+ events occurred overlapped with tracheal branches in the ventral nerve cord (Fig 3A) . In live preparations where trachea were labeled with myristoylated tdTomato (myr-tdTom), actin with Lifeact-GFP, or microtubules with Tubulin-GFP, we observed that tracheal branches dynamically extended and retracted actin-rich protrusions that are characteristic of filopodia (Fig 3B) ,
and only very few were stabilized by microtubules (Fig S2A) , implying tracheal branches dynamically explore their surroundings in the CNS with filopodia as they regulate gas 
Blockade of astrocyte microdomain Ca 2+ transients increases CNS ROS and trpML mutants exhibit increased tracheal growth
We sought to determine whether astrocyte microdomain Ca 2+ transients regulated tracheal dynamics in the CNS. To block astrocyte microdomain Ca 2+ transients we used trpml 1 mutants, and labeled tracheal membranes with myr-tdTom. We found in trpml 1 mutant background that while there was no change in the overall rate of tracheal retraction, we observed an increase in the overall rate of tracheal growth over time, which resulted in an increase in maximum length of the tracheal filopodia ( Fig 4A) . To determine whether stimulating an increased number of astrocyte microdomain Ca 2+ transients could drive tracheal retraction, we bath applied tyramine. We found tyramine application lead to an increase in the percentage of retracting tracheal filopodia ( Fig 4B) .
To more carefully quantify the effect of loss of trpml (and astrocyte microdomain Ca 2+ transients), we first counted the total number of protrusions from a pair of most posterior ganglion trachea (mpgTr) that innervate a few segments from A5 to A8/9 in the ventral nerve cord. We found that mpgTr in the ventral nerve cord in trpml 1 mutants exhibit increased total length compared to those in control animals ( Fig S3) . We next examined a uniquely identifiable branch of the tracheal system in the larval optic neuropil (LON).
The LON is a simple tissue, composed of only a few dozen neurons and 1~2 tracheal branches that are surrounded by the processes from a single astrocyte ( Fig 4C) .
Compared to controls, we found that trpml 1 mutants exhibited an approximate doubling of the number of tracheal branches, and also total filopodia in the LON (Fig 4C and   S2B ).
It is plausible that such an increase in tracheal branches and filopodia might result in excessive O 2 delivery to CNS tissues and result in a hyperoxia. To assay ROS status in the CNS we stained with the ROS indicator dihydroethidium (DHE). In live preparations of trpml 1 mutants we found a ~3-fold increase in oxidized DHE + puncta, likely in mitochondria (Bindokas et al., 1996) , and when we eliminated trpml selectively from astrocytes by RNAi, we found a ~2.5-fold increase in oxidized DHE + puncta ( Fig   4D) . These data support the notion that blockade of astrocyte TrpML signaling, and in turn astrocyte microdomain Ca 2+ transients, leads to increased ROS in the CNS, likely due to increased O 2 delivery from excessive tracheal branches.
Reciprocal interactions between hypoxia-related signaling pathways and astrocyte microdomain Ca 2+ transients
Hif-1α is a key regulator of tissue responses to changes in oxygen tension. The
Drosophila homolog of Hif-1α, Similar (Sima), like its mammalian counterpart is hydroxylated and degraded by the proteasome under normoxia (Irisarri et al., 2009; Romero et al., 2008) . When tissues become hypoxic, Sima drives the transcription of hypoxia-related genes (Lisy and Peet, 2008) . Hif-1 has also been proposed to be important for modulating tissue responses to increased oxygen and ROS (Fratantonio et al., 2018; Movafagh et al., 2015) but this remains somewhat controversial (Jeong et al., 2005; Terraneo et al., 2014) . Unexpectedly, we found in sima mutants that astrocyte microdomain Ca 2+ transients were almost completely eliminated (Fig 5A) . Astrocyte microdomain Ca 2+ signaling events are therefore directly or indirectly regulated by this key hypoxia signaling factor. We next attempted to increase tracheal coverage of the CNS by expressing an activated version of the FGF receptor Breathless (Btl) in trachea using btl-Gal4. We sought to determine whether increased tracheal coverage would result in increased astrocyte microdomain Ca 2+ transients. However, while we found that the total number of large tracheal branches in the CNS was increased by Btl, examination of tracheal area in single focal planes did not result in enhanced coverage of CNS tissues by trachea or a significant increase in astrocyte microdomain Ca 2+ transients ( Fig 5B) . Tracheal growth is regulated potently by the Branchless (Bnl) FGF, a ligand for Breathless (Ghabrial et al., 2003) . To determine whether Bnl might be activated in trpml mutants, we examined the expression of a branchless-LacZ reporter.
Interestingly, we observed increased bnl-LacZ expression in trpml mutants (Fig 5C) , which might partially account for the increased tracheal coverage of the CNS in trpML mutants. Together these data identify reciprocal regulatory interactions between Hif-1, Bnl/FGF signaling, and the astrocyte microdomain Ca 2+ signaling machinery. That astrocyte microdomain Ca 2+ signaling is regulated by the key hypoxia factor Hif-1
further supports the notion that astrocyte microdomain Ca 2+ transients are involved in modulating CNS gas exchange.
Discussion
Molecules required for the generation of astrocyte microdomain Ca 2+ transients have remained elusive, and the in vivo roles for these transients remain controversial and poorly defined (Agarwal et al., 2017; Bazargani and Attwell, 2016 (Agarwal et al., 2017; Nett et al., 2002; Srinivasan et al., 2015) . They are spontaneously generated, exhibit diverse waveforms, and appear for the most part asynchronous. Their production requires the presence of extracellular Based on their persistence in Tdc2 mutants, which lack tyramine and octopamine in CNS, we conclude that spontaneous astrocyte microdomain Ca 2+ transients do not require the production of tyramine or octopamine in vivo. Similar to bath application of norepinephrine in mouse preparations (Agarwal et al., 2017) , we found that tyramine was capable of stimulating an increase in astrocyte microdomain Ca 2+ transients, and that this required the tyramine receptor TyrRII on astrocytes. Why these transients do not require tyramine for their spontaneous production, but can be stimulated by tyramine application, remains unclear. Tyramine can stimulate increases in whole-cell Ca 2+ levels in astrocytes through the Oct-TyrR, as does octopamine (Ma et al., 2016) , but octomapine has no effect in astrocyte microdomain Ca 2+ transients. It is possible that signaling mediated by TyrRII can somehow increase the open probability of TrpML in microdomains in a way that is distinct from whole-cell Ca 2+ signaling. This is consistent with our observation that TrpML is partially responsible for the tyramineinduced increase in astrocyte microdomain Ca 2+ transients.
Astrocyte microdomain Ca 2+ transients and whole-cell changes in astrocyte Ca 2+ signaling appear to be distinct, in terms of their regulation by neurotransmitters, the molecular machinery that produces them, and their functional roles (Agarwal et al., 2017; Bazargani and Attwell, 2016; Srinivasan et al., 2015) . In mammals, whole-cell astrocyte Ca 2+ transients are modulated by norepinephrine, adrenergic receptor signaling, and startle stimuli, while microdomain Ca 2+ transients are associated with mitochondria and are sensitive to ROS (Agarwal et al., 2017 ). There appears to be a remarkable conservation of both types of astrocyte Ca 2+ signaling events from mouse to Drosophila.
Whole-cell transients in flies are activated by tyramine or octopamine (the invertebrate adrenergic neurotransmitters), which we previously showed activates the Oct-TyrR receptor and the TRP channel Water witch on astrocytes, and in turn through the adenosine receptor AdoR, mediate many of the physiological and behavioral changes exerted by tyramine and octopamine (Ma et al., 2016) . The dynamics and regulation of microdomain Ca 2+ transients are also well-conserved (e.g. regulation by ROS). In the fly they are stimulated by tyramine (but not octopamine), and are mediated by the TRP channel TrpML. In mouse, microdomain Ca 2+ transients are associated with mitochondria, which have been proposed to serve as a source of ROS, potentially through transient opening of the mPTP (Agarwal et al., 2017) . These events may also require mitochondria in Drosophila, however the density of mitochondria in astrocyte processes was sufficiently high in our preparations that drawing such a conclusion was not feasible-a single astrocyte microdomain Ca 2+ transient appears to span domains that include many mitochondria. Nevertheless, it is tempting to speculate that astrocyte microdomain Ca 2+ transients across species are functionally distinct from whole-cell fluctuations, and play a role predominantly in coupling astrocyte signaling with gas exchange or other dynamic metabolic changes in neural circuits (Agarwal et al., 2017) .
Maintaining a healthy, spatiotemporally regulated normoxic environment to prevent either hypoxia or hyperoxia in CNS is a huge challenge, as the O 2 -consuming metabolism is thought to fluctuate vigorously in response to neural activity. The close association of astrocyte microdomain Ca 2+ transients with trachea, the larval breathing apparatus, and with tracheal retractions in particular, suggests a role in modulating CNS gas exchange. Increase in O 2 delivery to tissues can lead to hyperoxia and elevated production of ROS. TrpML has recently been found to be a ROS sensor (Zhang et al., 2016) , which would allow for a simple mechanism for ROS-mediated activation of Loss of TrpML led to a clear increase in tracheal growth in neural tissues, which may be partially attributed to the elevated Bnl expression we observed in trpml mutants. These observations reveal a mechanistic link between astrocyte Ca 2+ signaling and key molecular factors that regulate gas exchange throughout metazoan tissues (Fig 5D) .
Based on our findings, we propose astrocyte microdomain Ca 2+ transients in the larval CNS coordinate gas exchange through regulation of tracheal dynamics, thereby balancing O 2 delivery/CO 2 removal according to local metabolic needs. Representative time-lapse images of microdomain Ca 2+ transients in 2 ROIs (1, 2).
Traces of microdomain Ca 2+ transients in 8 ROIs (a-h) over 6 min.
(B) Superimposed traces of individual microdomain Ca 2+ transients and an average with its full width at half maximum (FWHM, mean±SD). (D) 2 representative microdomain Ca 2+ transients in dual myr-GCaMP5a/myr-R-GECO1
astrocytes. Note that both myr-GCaMP5a and myr-R-GECO1 exhibit similar dynamics in the same astrocyte.
(E) Quantification of microdomain Ca 2+ transients in control and trpml 1 mutant in intact 1 st instar larvae (n=6, mean±SEM, t-test.). Figure S2 . Distribution of microtubules and F-actin in larval CNS trachea.
(A) Tracheal branches were visualized using myr-tdTomato and cytoskeletal elements were visualized with: microtubles (Tub-GFP) and F-actin (Lifeact-GFP). Microtubules were present in major tracheal branches but were found in only a few membrane protrusions (arrow), the majority were unlabeled (asterisks). F-actin was found to be present in all tracheal membrane protrusions (dotted boxes). Tracheal autofluorescence when illuminated with a 408nm laser was used to trace individual branches sprouting from the pair of mpgTr (red arrows). The ventral nerve cords are outlined with red dashed lines (n=8-10, mean±SEM, t-test). Table. Method Details
Constructs and transgenic flies
The full-length ORFs of GCaMP5a, R-GECO1, GCaMP6s with an in-frame DNA 
Ca
2+ imaging and data analysis
Ca 2+ imaging in intact larvae: the 1 st instar larva (25℃, 24-32 hours after egg laying) was sandwiched in 30µl halocarbon oil 27 between a slide and a 22 X 22mm coverslip (Cat# 1404-15, Globe Scientific Inc.) , then a 3min time-lapse video was taken immediately on a spinning disk confocal microscope equipped with a 40X oil immersion objective.
The CNS dissection from early 3 rd instar larvae (larval density ~100, 25℃, 76-84 hours after egg laying) was performed in the imaging buffer (pH7.2) containing 110mM NaCl, ) containing drugs (2X final concentration) was directly applied onto the preparations, then imaging continued for another 3min.
The chemicals used for bath application experiments include: tetrodotoxin (1µM), lanthanum chloride (LaCl 3 ), acetylcholine (2.5mM), γ-aminobutyric acid (GABA, 2.5mM), glutamate (2.5mM), tyramine (2.5mM), octopamine (2.5mM), N-acetyl cysteine (NAC, 2.5mM), hydrogen peroxide (H 2 O 2 , 0.1mM).
The intensity of microdomain Ca 2+ transients was measured with software Volocity (PerkinElmer, Inc.), and the amplitude of microdomain Ca 2+ transients was defined by (F t -F 0 )/F 0 (t=0,1,2…40, the peak amplitude was designated at t=20) as percentage.
The frequency (the number of microdomain Ca 2+ transients per minute) of microdomain Ca 2+ transients in each preparation was quantified as follows: a 100µm X 100µm window was cropped from each movie and resulted in 9 smaller, side-to-side 100pixel X 100pixel windows (line drawing over movies) in which the number of microdomain Ca 2+ transients was counted manually. The total number of microdomain Ca 2+ transients in each preparation (100µm X 100µm) was acquired by adding up all the numbers counted in these 9 100pixel X 100pixel windows. The cutoff for defining a Ca 2+ transient is ~5% change in delta F/F 0 , which is evaluated by post hoc calculations after manually selecting active events.
Immunostaining and tracheal branch tracing
The CNS dissected in PBS from 3 rd instar larvae (larval density ~100, 25℃, 100-108 hours after egg laying) was immediately transferred in 4% formaldehyde for fixation for 20min (for co-staining with tracheal filopodia, the dissection was performed in the imaging buffer with 0.3mM Ca
2+
, and the CNS preparations were incubated in the imaging buffer with 1.2mM Ca 2+ for 10min before 4% formaldehyde fixation). Washing in PBS for 3X 10min. Permeabilization in PBS + 0.3% Triton X-100 for 2 hours. Primary antibody (nc82 1:50 or anti-LacZ 1:500 in PBS + 0.1% Triton X-100) incubation at 4 ℃ for ~72 hours. Secondary antibody incubation at room temperature for ~2 hours.
Under the circumstances we didn't use btl>myr-tdTom to visualize trachea, tracheal branches in ventral nerve cord were illuminated with 408nm laser light and emitting autofluorescence was imaged. Each individual branch was then traced manually with Simple Neurite Tracer (Fiji).
Reactive oxygen species detection by DHE (dihydroethidium) staining
The CNS preparations from 3 rd instar larvae (larval density ~100, 25℃, 100-108 hours after egg laying) were made exactly in the same way for Ca 2+ imaging. Incubation in 100µl imaging buffer (1.2mM Ca 2+ ) containing 30µM DHE for 8min before imaging (30µm in z depth, starting from the very dorsal side, was taken). The puncta were automatically counted by segmentation in Slidebook.
Statistics
Comparison between groups was tested by one-way ANOVA with post hoc tests, or unpaired t-test. Comparison within groups was tested by paired t-test. p<0.05 was considered statistically significant. * p<0.05, **p<0.01.
Data and Code Availability
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